The accurate, quantitative analysis of absorption and scattering properties in tissue is a central problem in biochemical optics, in particular for the determination of hemoglobin and oxyhemoglobin concentrations. Because of light scattering, the absolute concentrations of these chromophores (i.e., the absorption coefficient) cannot easily be inferred. A new method for the estimation of the absorption coefficients in scattering media, based on measurements obtained from an intensity-modulated optical spectrometer, is proposed. The ratios of the changes in attenuation and phase that are induced by changes in the absorption coefficient give a good approximation of the absorption coefficient. © 1996 Optical Society of America Different experimental approaches have been suggested for determining the absorption coefficient in highly scattering media. Most of these methods are based on the measurement of the diffusely ref lected light intensity (ref lectance R) and the mean arrival time (time of f light) ͗t͘, or phase F, of an intensitymodulated light source. These measurements are then used in a diffusion equation analysis. For a fixed modulation frequency it has been shown that the absorption and transport scattering coefficients ͑m a and m s 0 , respectively) can be inferred from measurements of the ref lectance and phase data obtained at different source -detector distances.
Different experimental approaches have been suggested for determining the absorption coefficient in highly scattering media. Most of these methods are based on the measurement of the diffusely ref lected light intensity (ref lectance R) and the mean arrival time (time of f light) ͗t͘, or phase F, of an intensitymodulated light source. These measurements are then used in a diffusion equation analysis. For a fixed modulation frequency it has been shown that the absorption and transport scattering coefficients ͑m a and m s 0 , respectively) can be inferred from measurements of the ref lectance and phase data obtained at different source -detector distances. 1 -3 Alternatively, measurements can be made with a single distance and multiple modulation frequencies. 4 -6 For multiple small source -detector distances the ref lectance measurements alone are suff icient for deriving both m a and m s 0 .
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Here a different approach for the determination of absorption coefficients is described. Small changes in absorption coeff icient induce changes in both R and ͗t͘ (or F). It has been found that the ratio of these changes is largely independent of the scattering properties of the medium and that this ratio gives a good estimate of the (mean) absolute absorption coeff icient. The approximation is valid only over a certain range of m a and m s 0 values; however, this range encompasses the values typically found in biological tissues for the near-infrared wavelengths. In this Letter we demonstrate in two phantom experiments the feasibility of the suggested method. Changes in m a can be induced, first, by changes in the chromophore concentration and, second, by tuning the wavelength over the absorption spectrum of the chromophore.
The transport of light in scattering media has been thoroughly analyzed over recent years, and diffusion theory has become established as a versatile tool for describing R, ͗t͘, and F in terms of the transport scattering coeff icient ͑m s 0 ͒, the absorption coefficient ͑m a ͒, and the refractive index ͑n͒ of the medium. 8, 9 For a pencil beam light source on a semi-infinite half-space, R and ͗t͘ detected at a distance r from the source can be written as
respectively, where r ͑r 
When an intensity-modulated optical spectrometer (IMOS) is used, the phase F of a light wave, intensity modulated at the frequency n M , rather than the mean time ͗t͘, is measured. For frequencies considered here, F and ͗t͘ are approximately coupled by the simple linear relationship F 22pn M ͗t͘.
4,9
The error in this relationship is less than 5%, provided that m a . 3.2pn M ͞c. For example, for a modulation frequency of 200 MHz in water, m a must be greater than 0.009 mm 21 .
In Fig on Q a is small. Therefore, under the conditions of a fixed geometry and pure absorption changes, Q a is dependent primarily on m a . In this Letter we argue that this f inding can be exploited for the estimation of m a .
Equations (1) - (4) assume a simplified boundary condition that sets the f luence rate equal to zero at the boundary. In the experimental measurements the f luence rate was not zero and was determined by the refractive-index mismatch of the scattering medium and its surrounding medium. When the physically more correct mismatched boundary condition is included, 3 R, ͗t͘, and F and their differentials with respect to m a can be compared with values from Eqs. (1)-(4) . For typical optical properties ͑m s 0 mm 21 , m a 0.0135 mm 21 , n 1.33, r 30 mm) and a refractive index of 1 for the outside medium, R is greater by more than a factor of 2 and ͗t͘ is larger by ϳ1% with the more physically correct boundary condition. However, the slopes ≠A͞≠m a and ≠F͞≠m a differ by less than 1%, and hence Q a differs by only 1% compared with the values given in Fig. 1 . The use of the simplif ied matched boundary condition is therefore justified.
The IMOS used here was described in detail previously. 4 It incorporates four intensitymodulated laser diodes ͑l 744, 807, 832, 860 nm; n M 200 MHz) and phase-sensitive detection. Optical fibers were used to transport the light between the light source, the scattering medium, and the detector. For the f irst experiment a phantom consisting of an aqueous suspension of spherical polystyrene particles serving as light-scattering centers was employed. Mie theory 10 was used to derive m s 0 for these spheres (diameters of 0.6-2.5 mm). DA and DF are strongly correlated [ Fig. 3(b) ] with a first-order regression slope of DA͞DF 2.47 optical density (OD)͞rad. By using this measured value of DA͞DF as an approximation of Q a together with the known m s 0 of the phantom, we calculated a (mean) m a 0.0135 mm 21 from Fig. 1 . The experimental m a values were found to be in excellent agreement with the true m a value (see Fig. 2 ) for all four laser wavelengths. Variations in the assumed m s 0 values of 650% result in errors in the estimate of m a of only 64%.
The second approach to inducing small changes in absorption coefficient is to scan over the absorption spectrum of the medium by tuning the wavelength l. This requires either that the scattering coefficient stay unchanged over the wavelength shifts used or that changes in m s 0 be accounted for. A solid, light-scattering phantom 11 with well-characterized optical properties at l 758 nm ͑m a 0.0160 mm 21 , m s 0 0.934 mm 21 , n 1.56, dm a 11.5%͞nm, dm s 0 20.05%͞nm) was used. A temperaturetunable diode laser was employed to change the wavelength between l 753 nm and l 761 nm (FWHM 2 nm). The light ref lected from the phantom was detected at a distance r 30 mm from the light delivery f iber. The attenuation and phase changes were corrected for wavelength-dependent variations in the diode laser output by reference measurements of intensity and phase at a distance r 7 mm. Figure 4 shows the correlation of the measured attenuation and phase changes for this wavelength range. The first-order regression of the correlation gives a slope of Q a 2.23 OD͞rad. By analyzing this according to Eqs. (3) and (4) In this Letter the change in A and F with respect to absorption changes was discussed and exploited to yield m a . Similarly, one can use changes with respect to distance to derive an estimate of m a from ͑≠A͞≠r͒͑͞≠F͞≠r͒. Furthermore, similar considerations are valid for the changes in phase and modulation depth (M ) of an intensity-modulated light wave, where m a can be derived from ͑≠F͞≠m a ͒͑͞≠M͞≠m a ͒.
In conclusion, a method is described that allows the absorption coefficient m a of a turbid medium to be estimated when its scattering properties are only approximately known. For tissue, m s 0 typically has values 12 of 0.5-1.5 mm 21 , resulting in uncertainties in m a of only 64-6%. The main advantage of this method over others is its simplicity: measurements are made at only one detector position, and changes in attenuation and phase rather than absolute values are measured. m a can be simply estimated from the ratio of attenuation and phase changes. Preliminary experiments in tissue in vivo have shown that only small changes in blood volume, oxygenation, or probe distance are suff icient to generate the attenuation and phase changes.
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